The complete nucleotide sequence of satellite tobacco necrosis virus strain C (STNV-C) was determined. The genome has a similar overall organization to two STNV isolates studied previously but differs significantly from them in the secondary structure of the translated and untranslated regions (UTRs). STNV-C RNA is naturally uncapped and contains 1221 nt : 101 nt in the 5h UTR, 606 nt in the capsid protein (CP) coding region and 514 nt in the 3h UTR. Using the known sequences of STNV-C and tobacco necrosis virus strain D (TNV-D) RNAs, full-length cDNA clones of both RNAs were constructed. Synthetic transcripts derived from STNV-C 0001-5386 # 1998 SGM BFDJ Downloaded from www.microbiologyresearch.org by
Introduction
Satellite viruses are small RNA plant viruses which are completely dependent on the presence of a specific helper virus for their replication and differ from satellite RNAs, which are encapsidated by the helper virus capsid protein (CP), by encoding their own CP. Satellite tobacco necrosis virus (STNV) consists of a single RNA molecule of about 1240 nt packaged by 60 CP subunits. Three serotypes of STNV exist (Uyemoto, 1981) and the complete nucleotide sequences of two STNV RNAs [STNV type 1 (STNV-1) and STNV-2] are known (Ysebaert et al., 1980 ; Danthinne et al., 1991) . The replication of STNV-1 and -2 is supported by the tobacco necrosis virus strain A (TNV-A) group of isolates, whereas another group of strain D isolates (TNV-D) support the replication of STNV-C, the third serotype of STNV (Kassanis & Phillips, 1970) . Classification of TNV isolates on the basis of satellite activation represents an evolutionary relationship between the isolates Author for correspondence : R. Coutts.
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The GenBank accession number of the sequence reported in this paper is AJ000898. cDNA clones only replicated in plants and protoplasts when co-inoculated with TNV-D transcripts. A number of mutant clones in both the 3h and the 5h STNV-C RNA UTRs were constructed which disrupted putative cis-acting elements recognized by helper virus polymerase. Deletion analysis revealed an essential requirement of all 3h and 5h proximal sequences in the STNV-C UTRs for replication. However, an internal region in the 3h UTR could be deleted without loss of infectivity. Likewise, the entire STNV-C CP-encoding region could be deleted and replaced with a marker gene of a similar size without loss of transcript accumulation in plants.
and while TNV-A and -D are closely related, they are different viruses (Meulewaeter et al., 1990 (Meulewaeter et al., , 1993 . Both STNV and TNV belong to the genus Necrovirus in the family Tombusviridae (Russo et al., 1994) .
All STNV RNAs, including STNV-C, are effective and competitive messengers even though they lack 5h-terminal cap structures (Horst et al., 1971) . Cap-independent initiation of translation of virus RNAs is often reflected by extended 5h untranslated regions (UTRs) but this is not the case for the 5h UTRs of STNV-1 and -2 which are only about 30 nt long (Danthinne et al., 1991) . All three STNV RNAs are remarkably stable in vivo and in vitro (Mossop & Francki, 1979) , despite the absence of 3h-terminal poly(A) tails (Horst et al., 1971) . The polymerase proteins encoded by TNV-A replicate STNV-2 in vivo (Andriessen et al., 1995) , showing it to be a true satellite virus. Similar studies of helper-assisted satellite virus replication in protoplasts have previously only been examined with satellite tobacco mosaic virus (STMV) (Routh et al., 1997) . Therefore, to initiate an analysis of the replication of STNV-C, we have obtained the nucleotide sequence of a full-length cDNA clone and examined the predicted secondary structure of both its translated region and UTRs. Following the construction of infectious clones of both STNV-C and TNV-D, one aim of this study was to verify that replication of STNV-C in plants and protoplasts was dependent upon factors provided by the helper virus, TNV-D. Subsequent investigations studied replication efficiency of STNV-C mutants with disrupted putative cis-acting elements and a chimeric CP replacement mutant.
Methods
Viruses, viral RNA and plant material. STNV-C was maintained and propagated in cowpea (Vigna unguiculata L. cv Blackeye) leaves using TNV-AC36 as the helper virus (Uyemoto, 1981) and was purified by sucrose gradient centrifugation and separated from TNV-AC36 by ammonium sulphate precipitation (Ameloot, 1990) . Satellite-free TNV-D was purified from infected French bean leaves and STNV-C and TNV-D RNAs were both extracted and stored as previously described (Coutts et al., 1991) . Nicotiana benthamiana and N. clevelandii plants were maintained under greenhouse conditions and selected for use at the six-leaf stage, prior to the appearance of flower buds.
Cloning and sequencing of STNV-C RNA. Recombinant DNA techniques were used as described by Sambrook et al. (1989) . Restriction endonucleases and nucleic acid-modifying enzymes were used as recommended by the manufacturers and all oligonucleotides were synthesized by Cruachem.
To clone STNV-C RNA, random-primed cDNA synthesis was carried out using Superscript II reverse transcriptase (RT ; Gibco BRL) with second-strand synthesis performed as described by Gubler & Hoffman (1983) . Blunt-ended cDNAs were ligated directly into pBluescript KS(j) (pBS ; Stratagene) and cloned in Escherichia coli strain DH5α. The 3h-and 5h-terminal sequences were determined using a different strategy. cDNA clones representing the STNV-C RNA 3h terminus, were obtained following denaturation of 1 µg RNA with methyl mercuric hydroxide (10 mM) at room temperature for 10 min, polyadenylation with poly(A) polymerase (Pharmacia Biotech) and oligo(dT)-primed, first-strand cDNA synthesis. The 3h terminus of first-strand STNV-C cDNA was also polyadenylated, using T4 terminal transferase (Promega) in a separate reaction. Oligo(dT)-primers, along with internal primers, were then used to clone the 3h and 5h ends of STNV-C into pUBS (a plasmid containing the pBS multiple cloning site in pUC18). Several independent overlapping clones were sequenced in both orientations (Chen & Seeberg, 1985) and the data were analysed using the Wisconsin Package version 9.1 (Genetics Computer Group, Madison, WI, USA ; Devereux et al., 1984) .
To identify the STNV-C CP ORF, purified CP was isolated and the N terminus of the protein automatically sequenced (ABI model 477) as described previously (Coutts et al., 1991) . The secondary structure of STNV-C RNA was predicted using the genetic algorithm method of RNA folding. In summary, at every iteration the algorithm generates a population of RNA structures for an intermediate length of the transcript.
In the course of one iteration, new structures are generated by randomized disruption and addition of new stems in the previous folds ; the new population is produced by selecting the most stable structures. The length of the RNA chain is gradually increased to simulate the folding of the synthesized transcript. Such an approach approximates the natural process of RNA folding and does not necessarily yield the lowest energy solution. In addition, the method takes pseudoknot formation into account. The algorithm is implemented in the STAR package for RNA structure predictions (Gultyaev et al., 1995) .
Construction of full-length cDNA clones of STNV-C and TNV-D.
To obtain synthetic transcripts of STNV-C and TNV-D, fulllength cDNA copies of both genomic RNAs (designated pSTNVC and pTNVD, respectively) were assembled downstream of the T7 RNA polymerase promoter by RT-PCR. Both transcripts were designed to start with two G residues, the first permitting good promoter activity and the second representing the 5h-terminal nucleotide of each virus. The oligonucleotide primers used to prepare these constructs are shown in Table 1 and were used at 100 pmol concentration. PCR amplifications were performed for 30 cycles of 1 min at 95 mC, 2 min at 55 mC and 3 min at 75 mC, with a final extension step at 75 mC for 8 min. To construct pSTNVC, cDNA was synthesized using Superscript II RT and oligonucleotide STNVC3. The full-length product was amplified by PCR using the oligonucleotides STNVC3 and STNVC5. Hybridizes to STNV-C Name Sequence cDNA at nt :
* T7 promoter sequence adjacent to STNV-C RNA sequence (see text).
was digested with BamHI and HindIII and cloned into pUBS. To construct pTNVD, two clones corresponding to the 3h-and 5h-halves of the genomic RNA were generated by RT-PCR using the revised TNV-D RNA sequence (Offei & Coutts, 1996) . cDNA synthesis of the 3h-half of TNV-D RNA was performed by priming with oligonucleotide TNVD3. The cDNA was amplified by PCR using the oligonucleotides TNVD3 and TNVDINT1. A similar strategy was used to amplify the 5h-half of TNV-D RNA by PCR using the first-strand cDNA product above together with oligonucleotide TNVDINT2 and TNVD5. The products of both the above PCR amplifications were cloned separately into SmaIdigested pUBS. To obtain a full-length clone, the recombinant plasmid containing the 5h half of TNV-D RNA was digested with AflI\XhoI and ligated together with the AflI-XhoI fragment from the 3h TNV-D clone (TNV-D RNA contains a unique AflI restriction site starting at nt 2234) and transformed into E. coli. Recombinant plasmids containing full-length cDNAs of both STNV-C and TNV-D were identified by restriction mapping.
Construction of STNV-C mutant clones. Deletion mutants of pSTNVC were constructed which disrupted the computer-predicted secondary structures in the 3h and 5h UTRs of STNV-C RNA. The mutant plasmids for transcription were generated by ligation and transformation of PCR-amplified products derived from pSTNVC with oligonucleotide pairs, shown in Table 2 . All the reconstructed mutant plasmid clones were subjected to restriction and sequence analysis to confirm that the deletions had been introduced as predicted. A chimeric mutant was also constructed which replaced the pSTNVC CP ORF with a reporter gene of a similar size. To create this mutant, oligonucleotides that primed at the 5h terminus (nt 84-101 ; 5h-3h) and the 3h terminus of the CP gene (nt 708-725 ; 5h-3h) were used in PCR amplification to excise the coding region from pSTNVC. The product was ligated to the complete chloramphenicol acetyl transferase (cat) gene, isolated by PCR from pBR329, to produce pSTNVCAT.
In vitro transcription, inoculation and analysis of progeny RNA. The functional integrities of both pSTNVC and pTNVD, were evaluated by infectivity assays in combination with each other and with natural virion RNA. Wild-type (wt) and mutant plasmids (approximately 10 µg) were linearized with XhoI and run-off transcripts, containing an extra 5 nt at the 3h end, were synthesized using T7 RNA polymerase (Promega). Transcripts were treated with DNase I, extracted and resuspended in 20 mM sodium phosphate buffer (50 µl, pH 7n0). Cowpea and N. benthamiana leaves were inoculated with transcripts (10 µg each transcript) singly, in combination with each other or with the respective natural virion RNA as described previously (Kurath & Palukaitis, 1987) and harvested 3 days later. Protoplasts were isolated from N. clevelandii leaves stripped of their epidermis following 16 , and 0n5i Murashige-Skoog salts (pH 5n7)] and transfected using a PEG-mediated procedure. Protoplast aliquots (1 ml containing 10' cells in MCMS) were transfected with a total of 10 µg RNA (5 µg pTNVD transcript and 5 µg pSTNVC or pSTNVC mutant transcript) in 2 ml 40 % PEG-6000 by rapid combination on ice. Transfected protoplasts were gently diluted in cold MCMS and kept at room temperature for 30 min prior to two further washes in MCMS. Finally, the protoplasts were resuspended in 5 ml MCMS containing 0n3 µg\ml cefotaxime and maintained under low intensity fluorescent lights at 22 mC for 24 h. After incubation, protoplasts were harvested by centrifugation and stored at k70 mC. Total RNA extracts from both protoplasts and leaves (0n5 g) were prepared according to Dean et al. (1985) and the RNA dissolved in water. RNA samples (5 µg) were denatured with formamide and formaldehyde, electrophoresed in formaldehyde-agarose gels and transferred to Hybond-N membranes (Amersham Pharmacia Biotech) according to the manufacturer's instructions. Virus-related RNAs were detected with riboprobes complementary to the (j)-strands of both STNV-C and TNV-D RNA.
Results and Discussion
Nucleotide sequence analysis and genomic organization of STNV-C RNA STNV-C RNA consists of 1221 nt and is similar in size to both STNV-1 RNA [1239 nt ; Ysebaert et al. (1980) ] and STNV-2 RNA [1245 nt ; Danthinne et al. (1991) ]. Only one variation was found in three clones that were sequenced (nt 1220 ; a U to C transition) and the sequence did not contain any direct repeats which are present in both STNV-1 and -2 RNAs (Danthinne et al., 1991) . The only significant ORF found in STNV-C RNA is on the (j)-strand and encodes the STNV-C CP protein (201 aa). It starts at the third "!# AUG from the 5h terminus and ends with a (!& UAG codon. Confirmation that this ORF encoded the CP was obtained following N-terminal amino acid sequencing of purified STNV-C CP, which was not blocked. As with the STNV-2 CP (Danthinne et al., 1991) , the M r of STNV-C CP (22 244) was lower than that calculated following SDS-PAGE of both the purified virus and also the products of in vitro translation of viral RNA (results not shown).
While the genome organization of STNV-C RNA is similar to that of the other STNV RNAs, the 101 nt STNV-C RNA 5h UTR is significantly longer than the STNV-1 and -2 RNA 5h UTRs, which are both about 30 nt long and nearly identical in sequence (Ysebaert et al., 1980 ; Danthinne et al., 1991) . The coding region of STNV-C RNA is 606 nt long and the encoded CP shares some homology with STNV-1 CP (72 % similarity ; 62 % identity) and STNV-2 CP (66 % similarity ; 54 % identity) (results not shown). The 3h UTR of STNV-C RNA is 514 nt in length and is significantly different from the STNV-1 and -2 RNA 3h UTRs (40 and 38 % similarity, respectively) which are approximately 64 % similar to each other. The predicted secondary structure of STNV-C RNA is shown in Fig. 1 . It is remarkable that the structure in the coding region ( Fig. 1 b) contains extended, finger-like structures and that the largest stem-loop structure found in the STNV-C RNA coding region (nt 151-426 ; Fig. 1 b) resembles those found in the 3h UTRs of both STNV-1 and -2 RNAs, which are located at the very 3h end (Danthinne et al., 1991) .
Sequences within the STNV-C RNA 5h UTR direct initiation of translation and via complementary sequences on the (k)-strand 3h ends initiate (j)-strand synthesis, while sequences on the 3h UTR (j)-strand initiate (k)-strand synthesis (Buck, 1996) . Therefore, an examination of the 3h UTRs of both (j)-and (k)-strands of STNV-C RNA for sequences potentially involved in specific RNA polymerase recognition sites was made but did not reveal any extensive common features. In another search, the (j)-strand 5h end of STNV-C RNA was compared with that of helper TNV-D RNA (Coutts et al., 1991 ; Offei & Coutts, 1996) . Again, no similarity was found apart from the first 6 nt.
The 5h UTR of STNV-C RNA can be folded into three hairpin structures (H1, H2 and H3) ( Fig. 1 a) , unlike the 5h UTRs of other STNV RNAs which fold into a single hairpin (Danthinne et al., 1991) . A long-range interaction with the 3h UTR was also predicted (Fig. 1 a) but is not stable and therefore doubtful. All STNV RNAs, including STNV-C RNA, lack conventional 5h-cap structures and 5h-covalently linked VPg proteins, which are a common feature of other uncapped viral RNAs. It is therefore predicted that initiation of translation of CP will be hindered by competition with cellular capped mRNAs. This is possibly overcome in STNV-1 and -2 RNAs by interactions between the 5h and 3h UTRs and also by the presence of translational enhancer domains within conserved hairpin structures, immediately downstream of the CP gene (Danthinne et al., 1993) . In contrast, no extensive interactions between the STNV-C RNA UTRs could be modelled, so an alternative mechanism is presumably used.
Amongst the three hairpin structures, the leader sequence contains three potential AUG initiation codons. The first codon ( ( AUG) is out-of-frame with the CP ORF while the second ( $' AUG), which is in-frame, is presumably cryptic, even though it is in a more favourable context for translation initiation than the third ( "!# AUG), which is actually used. Capindependent translation initiation of STNV CP may thus be initiated by internal ribosome entry, rather than leaky scanning but whether this is driven by RNA structures present in the 5h UTR via an internal ribosome entry segment site is not known.
As with other viral RNAs, 3h UTRs may be concerned with translational efficiency, RNA stability and\or replication (Buck, 1996) . Also, as in most tombusviruses, several satellite viruses (including STNV-1 and -2), satellite and defective-interfering (DI) RNAs, the 3h terminus of STNV-C RNA does not form a tRNA-like structure, is not polyadenylated and terminates in -CCC (Russo et al., 1994) . In contrast to the STNV-1 and -2 RNA 3h UTRs, which were predicted to form very similar structures (Danthinne et al., 1991) , the predicted secondary structure of the STNV-C RNA 3h UTR (Fig. 1 a) is rather different. Both STNV-1 and -2 RNA 3h UTRs can be folded into similar extended 3h-proximal stem-loop structures Fig. 1 . Predicted secondary structure of STNV-C RNA. The structure was computer-modelled as described in the text. (a) 5h and 3h UTRs ; (b) coding region. Hairpin structures (H1-H11) and pseudoknots (PK1-PK4) shown were predicted as described in the text. (Danthinne et al., 1991) and terminal stem-loop structures appear to be conserved in all carmo-like viruses (Song & Simon, 1995) . The 3h end of STNV-C RNA also folds into a small hairpin structure with an 8 nt tail (H11) and it is likely that within this structure promoter-specific sequences for (k)strand synthesis are recognized by the TNV-D helper polymerase. As in STNV-C RNA, the 3h-terminus of TNV-D RNA folds into several hairpins, the locations of which are different apart from a hairpin predicted at the extreme 3h end of both molecules. Following the hairpin, the TNV-D tail is shorter than STNV-C by 3 nt. Interestingly, apart from the terminal three C residues and an A residue, there are no other structural or sequence similarities between STNV-C RNA and helper TNV-D RNA. Downstream of the CP termination codon towards the 3h-proximal hairpin (H11), other structural predictions were made for a pseudoknot (PK1), three small hairpins (H4, H5 and H6), another pseudoknot (PK2), an extended structure with branched loops and bulges (H7), two more pseudoknots (PK3, PK4) and three hairpins (H8, H9 and H10) (Fig. 1 a) .
Infectivity of wt and mutant STNV-C RNA in vitro transcripts in combination with helper TNV-D RNA
Whole plant and protoplast systems which support the replication of helper TNV-D RNA were used to investigate STNV-C replication. To facilitate these studies, a full-length clone of TNV-D RNA (pTNVD) was constructed from infectious transcripts which could be produced. The pTNVD transcript differs from the natural RNA by a 3h-terminal extension of 5 nt but this did not appear to affect infectivity, since it was as infectious as virion TNV-D RNA for both cowpea and N. benthamiana plants. Both produced indistinguishable necrotic lesions on inoculated leaves 3 days after inoculation and systemic mottling in N. benthamiana upper leaves 10 days later. Furthermore, Northern blot analysis of cowpea leaf extracts infected with TNV-D or synthetic RNA showed the presence of both virion and sub-genomic RNAs (Offei & Coutts, 1996) (Fig. 2 a) . Extracts derived from plants mock-inoculated with buffer or synthetic STNV-C RNA alone gave no hybridization signals when probed with TNV-D riboprobes (results not shown). To assess the helper-dependent replication of synthetic STNV-C RNA, co-inoculation of leaves with synthetic transcripts of pSTNVC in combination with either TNV-D RNA or pTNVD RNA transcripts was attempted. Northern blot analysis revealed that, in both cases, satellite RNA accumulated, demonstrating that synthetic TNV-D RNA retained the helper functions essential for STNV replication (Fig. 2 b) . Furthermore, terminal cap structures were not necessary for infectivity of either STNV-C or TNV-D synthetic RNA.
In order to determine whether STNV-C CP was required for RNA replication, the CP ORF in pSTNVC was replaced by the cat coding region to produce the chimeric pSTNVCAT clone. Following inoculation of plants with mixtures of virion or synthetic pTNVD RNA in combination with pSTNVCAT transcripts, total RNA was extracted and subjected to Northern blot analysis. As for pSTNVC transcripts, extracts from plants inoculated with pSTNVCAT or pTNVD transcripts alone gave no hybridization signals when probed with STNVCAT riboprobe (results not shown). Fig. 2 (b, c) shows that STN-VCAT and STNV-C RNA both accumulated and demonstrates that the CP ORF and the CP are dispensable for RNA accumulation and that the formation of satellite virus particles does not confer a higher stability to STNV-C transcripts in the cytoplasm. These observations parallel those reported for STMV (Routh et al., 1997) and suggest that some satellite virus CPs may facilitate systemic accumulation in plants simply by protection of the genomic RNA from degradation. However, since some CP mutants of STMV (Routh et al., 1997) and STNV-1 in combination with helper TNV-A (Van Emmelo et al., 1987) accumulate to lower levels in whole plants, we chose to retain the CP ORF in our initial series of pSTNVC mutants.
To identify cis-acting elements required for STNV-C RNA accumulation, a series of eight mutants were produced, from which computer-predicted secondary structures in both the 3h and 5h UTRs had been deleted (Table 2 ; ∆1-∆8). The accumulation competence of these deletion mutants was assessed by Northern blot analysis of total RNA extracted from protoplasts following co-transfection with synthetic TNV-D RNA. The results of these experiments are shown in Fig. 2 (d ) . Deletion of the 3h proximal hairpins (H9, H10 and H11) from STNV-C RNA (∆8) abolished detectable replication but upstream deletions, which removed hairpin H8 together with pseudoknots PK3 and PK4 (∆7) and hairpin H7 (∆6), had little or no effect on RNA accumulation. However, structures further upstream towards the termination codon of the CP gene did appear to be important for RNA accumulation, since transcripts from deletion mutants, which removed pseudoknot PK2 together with hairpins H6 and H5 (∆5) and hairpin H4 together with pseudoknot PK1 (∆4), were apparently undetectable. It is generally assumed that in most RNA viruses the core cis-elements required for promoting (k)-strand synthesis are located at or near the 3h terminus of the genomic RNA and that enhancer elements may also be present in upstream regions of the 3h UTR (Buck, 1996) . Previously, it has been shown with tombusvirus DI and satellite RNAs that initiation of synthesis requires defined secondary structures rather than a particular sequence Song & Simon, 1995) . Conservation of a 3h-terminal hairpin among tombusviruses and all necroviruses sequenced to date (results not shown) suggests that the same may be true for STNV-C, but further definition of the promoter regions will require fine mapping in a new series of deletion mutants. Likewise, the role of sequences and structures immediately downstream of the CP termination codon in enhancing STNV-C RNA accumulation have to be assessed with relevant mutants.
The promoters involved in (j)-strand synthesis of most plant RNA viruses are not well-defined, but between 50 and 250 nt of the 5h-terminal UTR appears to be essential for normal levels of RNA accumulation (Buck, 1996) . Productive accumulation of cymbidium ringspot tombusvirus DI RNA requires virtually all of its helper-derived 164 nt 5h UTR and, while some short internal deletions were tolerated, long internal deletions or deletion of the first 5h-terminal 14 nt abolished infectivity . All three hairpins (H1, H2 and H3) in the STNV-C RNA 5h UTR appear to be essential for STNV-C accumulation, as deletions of each individual hairpin in three mutants (∆1, ∆2 and ∆3) abolished infectivity. Fine mapping of the promoter sequences in the STNV-C RNA 5h UTR will initially concentrate on the terminal sequences but will later extend to downstream sequences in other mutants.
This study confirms that STNV-C is dependent on TNV-D for replication of its genome and is the first to address the contribution of cis-acting RNA elements towards the replication of satellite viruses using infectious transcripts derived from full-length clones of a satellite and its helper virus. Further work on these aspects is in progress.
